The evolutionarily conserved transcriptional cofactor Jab1 plays critical roles in cell differentiation, proliferation, and apoptosis by modulating the activity of diverse factors and regulating the output of various signaling pathways. Although Jab1 can interact with BMP downstream effector Smad5 to repress BMP signaling in vitro, the role of Jab1 in BMP-mediated skeletogenesis in vivo is still poorly understood. As a key regulator of skeletogenesis, BMP signaling regulates the critical Ihh-Pthrp feedback loop to promote chondrocyte hypertrophy. In this study, we utilized the loxP/Cre system to delineate the specific role of Jab1 in cartilage formation. Strikingly, Jab1 chondrocytespecific knockout Jab1 flox/flox ; Col2a1-Cre (cKO) mutants exhibited neonatal lethal chondrodysplasia with severe dwarfism. In the mutant embryos, all the skeletal elements developed via endochondral ossification were extremely small with severely disorganized chondrocyte columns. Jab1 cKO chondrocytes exhibited increased apoptosis, G2 phase cell cycle arrest, and increased expression of hypertrophic chondrocyte markers Col10a1
Introduction
During development, endochondral ossification forms most of the skeleton, including vertebrae, ribs, and long bones. It involves an initial cartilage anlagen within which chondrocytes undergo an elaborate and well-controlled differentiation process (Kronenberg, 2003) . The mesenchymal precursors first condense and commit to chondrocyte lineage under master regulator Sox9, followed by the robust secretion of cartilage-specific extracellular matrix including type II collagen and rapid proliferation to form orderly columns. Chondrocytes then stop dividing, exit the cell cycle, and start prehypertrophy with the expression of type X collagen under key regulators Runx2, Runx3, and Indian Hedgehog (Ihh). Subsequently, chondrocytes undergo overt hypertrophy and endochondral ossification occurs when hypertrophic chondrocytes within the cartilaginous model begin to undergo apoptosis in the center of the cartilage.
Osteoblasts are recruited here from adjacent perichondrium and secrete bone matrix, forming a primary ossification center (Kronenberg, 2003) . Ihh is a master regulator of skeletal development by coordinating chondrocyte proliferation, chondrocyte differentiation, and osteoblast differentiation (Kronenberg, 2003) . During endochondral bone development, Ihh is synthesized by prehypertrophic chondrocytes and early hypertrophic chondrocytes. Ihh binds to its receptor Patched-1 (Ptc-1), which triggers a cascade that leads to the activation of target genes including Pthrp under a mechanism still poorly understood. PTHrP acts on its receptor to keep the chondrocyte proliferating and inhibits the production of Ihh. This Ihh/PTHrP negative-feedback loop controls the length of proliferating columns during cartilage growth (Kronenberg, 2003) .
The intracellular factor Jab1 (c-Jun activation domain-binding protein-1) interacts with numerous proteins to regulate diverse signaling pathways and cell differentiation processes (Shackleford and Claret, 2010) . Jab1 is also the 5th subunit of the evolutionarily conserved proteolysis regulator COP9 signalosome (Csn5) complex (BechOtschir et al., 2002) (Olma et al., 2009) . CSN is similar, both in size and composition, to the lid of the 19S proteasome regulatory particle (Wei and Deng, 2003) . CSN has deneddylase activity to regulate the stability of complex Skip1-Cullin-F box proteins (SCF), a major group of cullin ring E3 ubiquitin ligase (CRL). SCF core component cullin is covalently modified with the ubiquitin-like protein NEDD8. Repeated cycles of NEDD8 conjugation (neddylation) and NEDD8 removal (deneddylation) maintain SCF E3 ubiquitin ligase activity (Wei et al., 2008) . By regulating SCF activity, CSN can regulate the stability and activity of numerous cell-cycle proteins such as p27, p53 and transcriptional regulators including IκB-α (Wei et al., 2008) (Chamovitz, 2009) . Within the whole COP9 signalosome, Jab1/Csn5 is the only subunit possessing a catalytic metal binding metalloprotease motif that is required for removing NEDD8 from the cullin subunit of SCF (Shackleford and Claret, 2010) . Thus, Jab1 is required for COP9 signalosome activity.
Jab1 is involved in signaling transduction, cell cycle control, apoptosis, DNA repair, and a vast array of developmental processes by regulating the stability and activity of various transcription factors (Wei et al., 2008) (Chamovitz, 2009) (Kato and YonedaKato, 2009 ) (Shackleford and Claret, 2010) . Furthermore, Jab1 over-expression has been implicated in the initiation and progression of various cancers, suggesting an oncogenic role (Shackleford and Claret, 2010) . The constitutive deletion of Jab1 in mice results in early embryonic lethality by E8.5 with impaired proliferation and accelerated apoptosis (Tomoda et al., 2004) (Tian et al., 2010) , whereas cell type-specific deletions of Jab1 in T-cell, B-cell, or myeloid cells all lead to severe postnatal cell differentiation defects and increased apoptosis (Panattoni et al., 2008) (Deng et al., 2011) (Sitte et al., 2012) . Thus, Jab1 plays essential roles both in general embryogenesis and in the differentiation of specific organs and tissues. However, the specific function of Jab1 in skeletogenesis in vivo was completely unknown prior to this study.
BMP signaling coordinates all steps of skeletal growth and differentiation during endochondral ossification (Chen et al., 2004) (Yoon and Lyons, 2004) (Wan and Cao, 2005) . BMPs are members of the TGF-β superfamily that activate heterodimeric receptors with serine/threonine kinase activity (Chen et al., 2004) . The canonical BMP signaling intracellular effectors Smad1, 5, and 8 are phosphorylated upon various BMP ligands binding to the BMP receptor complex, then dimerize with the coactivator Smad4, translocate to the nucleus, and modulate the expression of target genes (Ross and Hill, 2008) . BMP signaling is exquisitely regulated at the levels of ligands, receptors, antagonists, Smads, and a wide variety of Smad-interacting proteins. This produces a large diversity in transcriptional outputs to exert the precise cell context-dependent control during development (Wharton and Derynck, 2009) . Mutations in BMP signaling components, including type I BMP receptors BMPR1B and ACVR1, antagonist NOGGIN, and ligands GDF3 and GDF6, lead to skeletal developmental defects such as brachydactyly, fibrodysplasia ossificans progressiva (FOP), chondrodysplasia, and oculoskeletal anomalies (Asai-Coakwell et al., 2009; Serra and Chang, 2003; Shore et al., 2006 ) (Ye et al., 2010 . Mouse genetic studies reveal that various BMP signaling components regulate the critical Ihh-Pthrp feedback loop to promote chondrocyte proliferation, survival, and hypertrophy (Retting et al., 2009) . Interestingly, within cartilage, the expression of some key BMP signaling components is at higher levels in prehypertrophic and hypertrophic chondrocytes than in proliferating chondrocytes (Shu et al., 2011) . BMP signaling directly increases the expression of Ihh by prehypertrophic chondrocytes to increase chondrocyte proliferation and to promote chondrocyte hypertrophy (Minina et al., 2002) (Retting et al., 2009) . Furthermore, the combined loss of Smad1, 5, and 8 specifically in chondrocytes results in severe chondrodysplasia with reduced Col10a1 expression, a phenotype very similar to chondrocyte-specific BMP receptors null mice (Retting et al., 2009) . Thus, the effect of BMP signaling in embryonic cartilage formation largely depends on Smad 1/5/8. Further analysis reveals that Smad1 and Smad5 are positive and redundant regulators of chondrocyte differentiation, whereas Smad8 is mostly dispensable for cartilage formation (Retting et al., 2009 ).
The effect of BMP signaling during skeletogenesis ultimately impinges on a complex transcriptional network in which the transcription factors Sox9 and Runx2 play essential roles (Kronenberg, 2003) . Runt domain transcription factor Runx2 regulates all the major genes expressed by osteoblasts in tissue culture . Runx2 null mice display a complete lack of osteoblast differentiation (Komori et al., 1997; . Moreover, mutations in RUNX2 result in cleidocranial dysplasia (CCD), a dominantly inherited skeletal dysplasia with generalized bone defects (Lee et al., 1997; Mundlos et al., 1997; Zhou et al., 1999) . Besides its essential role in osteoblast differentiation, Runx2 is also important for chondrocyte maturation. Continuous expression of Runx2 in mouse proliferating chondrocytes accelerated the hypertrophy (Takeda et al., 2001; Ueta et al., 2001) . Conversely, chondrocyte maturation was delayed in some skeletal elements in Runx2-/-mice (Inada et al., 1999; Kim et al., 1999) . Runx2 directly binds to the conserved cis-elements in Col10a1 and Ihh promoters, and contributes to their activity in prehypertrophic and hypertrophic chondrocytes (Yoshida et al., 2004; Zheng et al., 2003 (Haag and Aigner, 2006) . Jab1 can also bind Runx3
and induce Runx3 degradation (Kim et al., 2009) . However, almost all of these studies so far have been performed in vitro or in cell culture. Therefore, the physiological relevance of Jab1-BMP signaling interaction and the potential effect of Jab1 on Runx2 expression and activity during cartilage formation were unknown. The conditional deletion of Jab1 in chondrocytes and the analysis of its effect on BMP signaling and Runx2 during chondrocyte differentiation is the most straightforward approach to determine the role of Jab1 during cartilage formation. Hence, in this study, we ablated Jab1 specifically in chondrocytes in mice using the loxP/Cre system and unveiled the critical role of Jab1 in cartilage formation in vivo and the inhibitory effect of Jab1 on Runx2 and BMP signaling, the two key regulators of chondrocyte hypertrophy.
Results
Lethal chondrodysplasia of Jab1 flox/flox ; Col2a1-Cre mutant mice.
Jab1 is expressed broadly during mouse embryogenesis (Bounpheng et al., 2000) ( Carrabino et al., 2004) . To study Jab1 protein expression in cartilage, we performed immunohistochemistry on E18.5 mouse embryonic sections with an anti-Jab1 antibody.
The results show that Jab1 is widely expressed in musculoskeletal tissues, including in chondrocytes (Fig. 1A) . Interestingly, Jab1 expression in hypertrophic chondrocytes appeared to be much lower than in proliferating chondrocytes (Fig. 1A) . A previous report also described a much weaker JAB1 expression in the hypertrophic zone of human fetal cartilage (Haag and Aigner, 2006) . Thus, the distinct Jab1 expression pattern in cartilage suggests that Jab1 might play a role in regulating chondrocyte hypertrophy progression. To circumvent the early embryonic lethality in constitutive Jab1-deficient mice (Tomoda et al., 2004 ) (Tian et al., 2010) , we crossed Jab1 flox/flox mice (Panattoni et al., 2008) with Col2a1-Cre transgenic mice to delete Jab1 specifically in chondrocytes.
The Col2a1-Cre line drives Cre recombinase expression specifically at a high level to differentiating chondrocytes (Ovchinnikov et al., 2000) and has been applied successfully to study the function of various transcription factors in endochondral ossification, including Smad1/5/8 (Retting et al., 2009) . While Jab1 flox/+ ; Col2a1-Cre mice appeared grossly normal and were fertile, all Jab1 flox/flox ; Col2a1-Cre conditionally knockout (cKO) mutant mice died at birth from respiratory distress likely due to the restricted rib cages (Fig. 1B, C) . The cKO mutant embryos displayed a very severe and generalized chondrodysplasia at E18.5 (Fig. 1B, C) . The mutants featured round heads, short snouts, short trunks, and short limbs, as well as prominent abdomens and protruding tongues (Fig. 1B) . Skeletal preparation of E18.5 mutant embryos by alcian blue and alizarin red staining showed that all the skeletal elements that developed via endochondral ossification, such as ribs, limbs, vertebrae, and some craniofacial elements, were much shorter and thinner than the controls (Fig. 1C) . The immunostaining confirmed the deletion of Jab1 protein in Jab1 cKO cartilage ( Fig.2A) . The histological analysis
showed that Jab1 flox/flox ; Col2a1-Cre mutants had much smaller cartilage elements compared with wild type littermates at E18.5 (Fig. 2B ). While wild-type controls had orderly columnar structures of proliferating, prehypertrophic, and hypertrophic chondrocytes, the cKO mutants had severely disorganized chondrocytes (Fig. 2B ). Thus, Jab1 is essential for proper endochondral ossification in vivo.
Increased apoptosis and altered cell cycle progression in Jab1 flox/flox ; Col2a1-Cre mutants Cell proliferation analysis via BrdU labeling revealed no significant proliferation differences at E18.5 between Jab1 cKO mutants and controls (Fig. 2C, D) . This is consistent with the notion that Jab1 is not essential for overall proliferation in differentiating cells (Panattoni et al., 2008) . However, TUNEL labeling experiments showed more positive staining of apoptotic cells in Jab1 cKO mutant limbs than in control littermates at E18.5 (Fig. 3A ). Annexin V-based apoptosis flow cytometry analysis confirmed a one-fold increase in the apoptosis rate in primary rib chondrocytes of Jab1 cKO mutants compared with control littermates at E18.5 (Fig. 3B ). Moreover, Jab1 cKO chondrocytes had higher activity of caspase-3/7, a major facilitator of apoptosis ( Fig. 3C ). Jab1 can modulate specific steps of cell cycle progression in T cell differentiation (Panattoni et al., 2008) . Our flow cytometry cell cycle analysis of primary chondrocytes showed that chondrocytes of Jab1 cKO mutants also accumulated at the G2 phase at higher rates than in the controls (Fig. 3D ).
Next, we performed the Western blot analysis of extracted proteins from primary chondrocytes to determine the effect of loss of Jab1 in chondrocytes on the protein stability of various putative Jab1 targets ( Fig. 4A ) (Shackleford and Claret, 2010) .
Interestingly, the expression of IkB-α, a major downstream target of Jab1 in T cell differentiation (Panattoni et al., 2008) , was not significantly changed in the mutants.
Thus, Jab1 is likely to have distinct downstream targets in different cell types during development. The expression of Csn3, another key component of COP9 signalosome, appeared to be down-regulated, suggesting that Jab1 is essential for the integrity of COP9
holocomplex. The expressions of p27 and Skip1 were both decreased in Jab1 cKO chondrocytes. p27 is a key cell cyclin kinase inhibitor (Shackleford and Claret, 2010) .
Skip1, a S-phase kinase-associated protein, is an adaptor between cullin ring E3 ubiquitin ligases and COP9 signalosome and affects cell survival and cell cycle (Shackleford and Claret, 2010) . The decreased expression of p27 and Skip1 correlated with altered cell cycle progression and increased apoptosis. Importantly, Western blot analysis revealed increased phospho-Smad1/5 expression, but no drastic change in total Smad1/5 expression, in E18.5 Jab1 cKO mutant chondrocytes ( Figure 4A ). This suggests that Jab1 might negatively regulate Smad1/5-mediated canonical BMP signaling during chondrocyte differentiation.
Increased chondrocyte hypertrophy in Jab1 flox/flox ; Col2a1-Cre mutant mice.
Strikingly, at E16.5, the distinct and tightly packed layers of prehypertrophic chondrocytes in wild-type mice were already missing in Jab1 cKO mutants. Instead, there were disorganized and abnormally large clusters of chondrocytes in Jab1 cKO mutants ( Fig. 4B ). Furthermore, some of the abnormally large clusters of chondrocytes adjacent to hypertrophic chondrocytes expressed Runx2, a positive regulator of chondrocyte hypertrophy (Fig. 4B ). Western blot analysis also revealed slightly increased Runx2 expression in Jab1 cKO chondrocytes (Fig. 4A ). To test whether Jab1 has any direct effect on Runx2 transcriptional activity, Jab1 and Runx2 expression plasmids were co-transfected with an OSC-114x2-luc reporter into COS7 cells that do not express any Runx proteins (Ducy et al., 1999) . OSC-114x2-luc contains two tandem repeats of a 113-bp osteocalcin enhancer fragment fused to the luciferase reporter gene (Zhou et al., 2006) . The activity of this osteocalcin enhancer fragment is partly dependent on the presence of one Runx2-binding OSE2 element (Ducy and Karsenty, 1995; Zhou et al., 2006) . While Runx2 alone activated the reporter significantly, the co-transfection of Jab1 decreased its activity by almost 50% (Fig. 4C) . Therefore, Jab1 could be a negative regulator of Runx2 activity. However, increased Jab1 expression did not affect Runx2 protein stability in transient transfection (Fig. 4D) . Therefore, the effect of Jab1 on Runx2 is likely to be context-dependent and remains to be further investigated.
Interestingly, a recent report showed that Jab1 can also repress the transcriptional activity of highly related Runx3 in cell culture (Kim et al., 2009 ).
To investigate the consequence of the loss of Jab1 in differentiating chondrocytes at the transcriptional level, we performed real-time RT-PCR analysis in E18.5 Jab1 cKO and wild-type littermate chondrocytes, using an Osteogenesis PCR Array. PCR Array is a technology combining the profiling capability of microarray with real-time PCR performance. Primary rib chondrocytes from E18.5 Jab1 cKO mutants and wild-type littermates were collected and subjected to the analysis. Our results showed that while proliferating chondrocyte markers Col2a1 and Sox9 expressions were not significantly changed, chondrocyte hypertrophy-associated genes such as Col10a1, Runx2 were among the most severely dys-regulated genes (Fig. 5) . The expression of Runx2 was upregulated by 40% in mutant chondrocytes. Col10a1 is the most-specific hypertrophic chondrocyte marker (Zheng et al., 2003) and its expression was up-regulated by one fold (Fig. 5 ). The changes in these genes suggested increased chondrocyte hypertrophy in Jab1 cKO mutants.
Up-regulated expression of BMP signaling components in Jab flox/flox ; Col2a1-Cre mutant chondrocytes.
Our PCR Array analysis also revealed that the expression of some BMP signaling components was up-regulated in Jab1 cKO chondrocytes, including Bmp3b (also named Gdf10), Bmp5, Bmpr1a, Smad1, Smad4, and Smad7 (Fig. 5) . Western blot analysis also showed increased Gdf10 protein expression in Jab1 cKO chondrocytes ( Figure 4A ). To investigate the effect of Jab1 on BMP downstream targets in endochondral ossification, we performed real-time quantitative RT-PCR to study the changes in direct BMP target genes Ihh, Id1, and Snail 2 during chondrocyte hypertrophy. Indeed, the expressions of all three were significantly up-regulated in the mutants (Fig. 5) . Thus, Jab1 deficiency likely leads to dys-regulated BMP signaling and accelerated hypertrophy in chondrocytes. This indicates that Jab1 might repress BMP signaling during chondrocyte differentiation. Interestingly, when wild-type chondrocytes were treated with BMP7, they exhibited similar cellular phenotypes as those of Jab1 cKO cells, namely significantly increased apoptosis and G2 arrest of the cell cycle (Supplemental Figures 1 and 3 ).
Furthermore, cell cycle analysis by flow cytometry revealed significant differences, in the G1, S, and G2 phases of the cell cycle, between BMP7-treated chondrocytes versus small molecule BMP inhibitor LDN-193189-treated wild-type primary chondrocytes (Supplemental Fig. 2 ). Thus, BMP signaling has to be tightly regulated during chondrocyte differentiation to ensure proper cell cycle progression and survival.
To determine whether the increase in chondrocyte hypertrophic markers and BMP signaling components is due to the cell autonomous effect of Jab1 inactivation in chondrocytes, we isolated primary rib chondrocytes from Jab1 flox/flox mice. The cells were infected with adenovirus expressing Cre recombinase (Ade-Cre) or a control virus expressing GFP (Ade-GFP). Real-time RT-PCR analysis revealed a significant increase in Col10a1 and Bmp3b/Gdf10 expression in cells infected with Ade-Cre (Fig. 6A) . Thus the inhibitory effect of Jab1 on chondrocyte hypertrophy and BMP signaling is likely to be cell autonomous. (Kim et al., 2004) . To determine the status of the response of closely related TGF-β signaling in Jab1 cKO mutants, cultured primary chondrocytes were serum-starved for 12 hours, treated with TGF-β1 for 15 and 45 minutes, respectively, and then were subjected to immunoblotting with an antibody against phospho (activated)-Smad2/3 antibody, the key downstream effector of TGF-β signaling (Ross and Hill, 2008) . In contrast to the altered phosphoSmad1/5 expression, there was no drastic phospho-Smad2/3 expression change in the Jab1 cKO mutants versus the controls (Fig. 6B, lower panel) . This indicates that Jab1 cKO mutant chondrocytes have no gross change in TGF-β signaling response in culture.
To determine the underlying mechanism of enhanced BMP signaling in Jab1 cKO chondrocytes, we treated primary chondrocytes with the small molecule inhibitor LDN- (Fig. 6C) . In light of the enhanced expression of BMP signaling components including Gdf10/Bmp3b, Bmp5, and Bmpr1a (Fig. 5) , the upregulated BMP signaling in Jab1 cKO mice is likely to be in part due to increased BMP ligands and/or enhanced BMP receptor activity. Furthermore, LDN-193189 reduced the caspase-3/7 activity in primary Jab1 flox/flox chondrocytes infected with adenovirus expressing Cre recombinase (Ade-Cre), but not in Jab1 flox/flox chondrocytes infected with a control virus expressing GFP (Ade-GFP) (Supplemental Figure 3) . Thus, increased apoptosis in Jab1-deficient chondrocytes might be due in part to upregulated BMP signaling activity.
Consistent with the above ex vivo culture experiments, immunostaining of phospho-Smad1/5 showed that phospho-Smad1/5 protein expression was up-regulated in the long bones of Jab1 cKO embryos at E17.5 compared with wild-type littermates (Fig.   6D ). In the wild-type cartilage, phospho-Smad1/5 expression was mainly restricted to proliferating and prehypertrophic chondrocytes as previously reported (Retting et al., 2009 ). In Jab1 cKO mutants, phospho-Smad1/5 expression appeared to be more intense, especially in the clusters of chondrocytes of abnormally large size adjacent to the hypertrophic zone (Fig. 6D) .
Lastly, we performed real-time RT-PCR analysis to determine whether Jab1 cKO chondrocytes have a more robust response to BMP ligand stimulation. Indeed, both before and after BMP7 stimulation, cultured Jab1 cKO mutant primary chondrocytes had increased expression of BMP signaling component Gdf10 and increased expression of the marker of prehypertrophic chondrocytes, Ihh (Fig. 7A) . In light of the established role of canonical BMP signaling and Runx2 in promoting chondrocyte hypertrophy in part by up-regulating Ihh expression, our studies collectively suggest that Jab1 negatively
Discussion
Our study is the first one to demonstrate the essential and novel roles of Jab1 in chondrocyte differentiation, especially its effect on BMP signaling and Runx2 activity in cartilage formation (Fig. 7B) . We report here that the chondrocyte-specific deletion of Jab1 in mice led to neonatal lethal chondrodysplasia with severe dwarfism and disorganized chondrocyte columns (Figs. 1, 2) . Canonical BMP signaling, through the phosphorylation of its effectors Smad1/5 proteins and the subsequent activation of downstream targets, regulates the critical Ihh-Pthrp feedback loop to promote chondrocyte proliferation, survival, and hypertrophy (Retting et al., 2009 ) . A very recent mouse genetic study revealed that Smad6, an inhibitory Smad of BMP signaling, represses chondrocyte hypertrophy (Estrada et al., 2011) , reconfirming that BMP signaling has to be finely tuned and tightly controlled during development to ensure proper cartilage formation and growth. Our study is the first one to investigate the specific effect of Jab1 on the canonical BMP signaling in vivo. Our results demonstrate that Jab1 is likely to be a novel inhibitor of canonical BMP signaling in chondrocytes based on the following observations: 1) Gene expression profiles reveal heightened expression of BMP ligands (Gdf10, BMP5) and BMP targets and chondrocyte differentiation markers (Ihh, Snail2) in Jab1 cKO chondrocytes; 2) The expression of BMP downstream effector phospho-(activated form) Smad1/5 is up-regulated in Jab1 cKO cartilage; and 3) Jab1 cKO primary chondrocytes exhibit an enhanced response to exogenous BMP treatment. Jab1 was previously reported to directly bind to Smad5 to negatively regulate BMP signaling in human chondrocyte culture, although the mechanism was not entirely clear (Haag and Aigner, 2006) . Conversely, our results consistently showed that BMP signaling was up-regulated in Jab1 cKO cartilage.
The mechanism of Jab1-mediated BMP signaling inhibition during chondrocyte differentiation is likely to be complex and multi-layered. The upregulated BMP signaling may be in part due to the increased expression of BMP ligands and/or enhanced BMP receptor activity since a small molecule BMP inhibitor LDN-193189 can partially reversed enhanced phospho-Smad1/5 expression (Fig. 6C ). Jab1 can modulate TGF-β/BMP signaling by direct interaction with various Smads. Jab1 binds Smad4 and induces its ubiquitylation for degradation. Ectopic expression of Jab1 decreased endogenous Smad4 steady levels and inhibited TGF-β-induced gene transcription (Wan et al., 2002) . On the other hand, Jab1 can associate constitutively with inhibitory Smad7 (Kim et al., 2004) . Over-expression of Jab1 promotes Smad7 degradation and enhances TGF-β-mediated transcriptional activity. These conflicting results are likely due to the different cells used in the studies and may very likely also reflect the complex role of Jab1 in TGF-β/BMP signaling. Thus, it will be important to study the interaction between various Smads and Jab1 in diverse cell type differentiation.
Transcription factor Runx2 is essential for chondrocyte maturation (Schroeder et al., 2005) . In our study, Jab1 deficiency in differentiating chondrocytes resulted in increased Runx2 expression at both the mRNA and the protein levels (Figs. 4A, 5),
indicating that Jab1 might be a negative regulator of Runx2 during chondrocyte differentiation. Furthermore, Jab1 can repress Runx2 transcriptional activity (Fig. 4C ).
This suggests that accelerated chondrocyte hypertrophy in Jab1 cKO mutants might in part be Runx2-mediated, and it will be critical to further elucidate the interaction between Jab1 and Runx2 during chondrocyte differentiation.
Jab1 cKO mutant chondrocytes exhibit accelerated apoptosis and G2 cell cycle arrest (Fig. 3) . These defects might cause, at least in part, the shorter and smaller cartilage in Jab1 cKO mutants ( Fig. 2A) . Jab1-containing CSN complex affects the DNA-damage checkpoint control pathway at multiple points (Wei et al., 2008 ) (Shackleford and Claret, 2010) . Interestingly, when Jab1 was conditionally knocked out in T cells in mice, the Jab-null T cells also displayed reduced survival and delayed cell cycle progression at G2-M stage (Panattoni et al., 2008) . The G2 arrest in Jab1 cKO cells might be associated with a DNA damage-repair defect since Jab1 is reported to interact with the key DNA repair Rad9-Rad1-Hus1 (9-1-1) complex and other DNA repair machinery (Huang et al., 2007) . Furthermore, the loss of Jab1 in mouse embryonic cells and osteosarcoma cells is associated with an up-regulated p53-dependent DNA double-break repair capability in those cells (Tian et al., 2010) . Thus, it will be interesting to investigate the status of the DNA repair apparatus in Jab1 cKO mutant chondrocytes in the future.
In summary, our study provides novel insights into the critical regulation of skeletogenesis by Jab1 during mouse development. BMP signaling is important for all aspects of skeletal formation and regeneration, including fracture healing and articular cartilage repair. BMP2 and BMP7 have been used for bone regeneration in over one million patients worldwide for long-bone non-unions and acute fractures, and for improving the success of spinal fusions. Our study here establishes that Jab1 is an essential factor for proper endochondral ossification in vivo, likely in part by inhibiting canonical BMP signaling (Fig. 7B ). It will be important to further understand the underlying mechanism of Jab1 regulation of BMP signaling during skeletogenesis, which may lead to the development of novel therapies to treat fractures, osteoarthritis, and skeletal disorders associated with abnormalities in BMP signaling. Additionally, 
Materials and Methods
Mouse breeding and genotyping.
All mice were maintained and housed at the Case Western Reserve University animal facility under standard conditions. All animal protocols have been reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Case Western
Reserve University. The Jab1 conditional allele Jab1 flox/flox mice (Panattoni et al., 2008) were crossed with Col2a1-Cre transgenic mice (Ovchinnikov et al., 2000) to generate cat gtt tag ctg gcc caa atg t 3'.
Embryo processing, BrdU labeling, and immunohistochemistry.
The noon of the plugging day was counted as E 0.5 for the embryo's age.
Embryos were collected at indicated times. Mouse skeletal preparation was made with alcian blue staining of cartilage and alizarin red staining of bone as described (Zhou et al., 2006) . The tissue sections were stained with hematoxylin and eosin for morphological analyses. For immunohistochemistry, the sections were first heated in a steamer for 10 minutes in 1x Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA, USA). The endogenous peroxidase activity was quenched with 3% H 2 O 2 for 10 minutes. After PBS rinsing, the sections were incubated in normal serum blocker buffer, which contained 3% normal serum, 0.1% BSA, and 0.1% Triton X-100 in PBS, for 20 minutes. The sections were then incubated in specific primary antibodies overnight at 4°C, followed by incubation with biotinylated secondary antibody for 1 hour at room temperature. Sections were subsequently treated with avidin-biotin-peroxidase complex (ABC) reagent for 1 hour at room temperature, followed by incubation with 
Transfection assay and cell cycle analysis with propidium iodide (PI).
Transient transfection assays in COS7 cells with Jab1 and Runx2 expression plasmids and OSC-p114x2-luc reporter plasmids were performed as described (Zhou et al., 1999) . For cell cycle analysis, cultured primary rib chondrocytes from Jab1 cKO mutants and control littermates were washed in ice-cold PBS, fixed in 90% ethanol at -20ºC overnight, resuspended in 20µg/ml of RNase and incubated at 37ºC for 30 minutes.
Cells were then chilled on ice for 10 minutes, followed by incubation in 50µg/ml of PI solution in PBS at 4ºC for 60 minutes. Each sample was then passed through a cell strainer tube, and analyzed by FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA) at Case Flow Cytometry Core Facility.
Real-time quantitative RT-PCR.
Mouse primary rib chondrocytes were collected as described (Lefebvre et al., 1994) and cultured in DMEM medium containing 10% FBS, 2mM L-glutamine, and 1% 10µg of proteins were separated by 4-15% Tris-HCl SDS-polyacrylamide gel electrophoresis, and transferred onto 0.2µm PVDF nitrocellulose membrane (Bio-Rad).
The membrane was then blotted with 5% non-fat dry milk buffered saline (pH7.6) containing 0.1% Tween-20, followed by incubation in the primary antibodies for 2 hours at room temperature or overnight at 4°C. The membrane was then incubated with horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature. 
Statistical analysis.
Results were presented as mean ± standard deviations (SD). Statistical analysis was performed by Student's t-test to compare the differences between the Jab1 cKO mutant mice and the wild-type littermates (n=3-5). P<0.05 is considered to be statistically significant. 
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